In situ heating, synchrotron radiation X-ray diffraction has been used to study the alloying and phase transformation behavior of TiH 2 -6Al-4V and Ti-6Al-4V alloys. Accelerated alloying and phase transformation were observed in the powder compact of the TiH 2 -6Al-4V alloy subjected to a high heating rate. In addition, an oxygen-stabilized Ti 4 Fe 2 O phase, which is present as sub-micron or nanoscaled particles, has been identified in the TiH 2 -6Al-4V alloy. The implications of these experimental findings have been discussed in terms of alloying, improved densification and oxygen scavenging in titanium and titanium alloys. Titanium hydride, normally referred to as the d-TiH 2 phase [face-centred cubic (fcc) with a = 4.36 Å ], is a compound stable at room temperature (RT) but will decompose at elevated temperatures. Its transformation is dependent on atmosphere, heating rate, and powder size (if TiH 2 in present as powder), as well as temperature. [1] [2] [3] TiH 2 has attracted extensive research interest for applications in hydrogen storage, [4] metal foaming, [5] and hydroprocessing. [6] In the context of powder metallurgy (PM), research on TiH 2 was initiated in the 1960s [7] but recent years have seen a significant renewed interest in PM TiH 2 for a few good reasons, including [8] [9] [10] [11] [12] [13] : (a) the use of TiH 2 powder can result in higher sintered densities and often better mechanical properties; (b) TiH 2 powder can be more affordable than the hydride-dehydride (HDH) Ti powder; and (c) the use of TiH 2 powder can lead to lower oxygen content in as-sintered Ti materials. This is due to the release of atomic hydrogen after heating of TiH 2 , which can reduce the surface oxide film on the TiH 2 powder particles. As a result of these benefits, PM TiH 2 shows promise as means to develop more affordable, high-performance PM titanium alloys.
In situ heating, synchrotron radiation X-ray diffraction has been used to study the alloying and phase transformation behavior of TiH 2 -6Al-4V and Ti-6Al-4V alloys. Accelerated alloying and phase transformation were observed in the powder compact of the TiH 2 -6Al-4V alloy subjected to a high heating rate. In addition, an oxygen-stabilized Ti 4 Fe 2 O phase, which is present as sub-micron or nanoscaled particles, has been identified in the TiH 2 -6Al-4V alloy. The implications of these experimental findings have been discussed in terms of alloying, improved densification and oxygen scavenging in titanium and titanium alloys. Titanium hydride, normally referred to as the d-TiH 2 phase [face-centred cubic (fcc) with a = 4.36 Å ], is a compound stable at room temperature (RT) but will decompose at elevated temperatures. Its transformation is dependent on atmosphere, heating rate, and powder size (if TiH 2 in present as powder), as well as temperature. [1] [2] [3] TiH 2 has attracted extensive research interest for applications in hydrogen storage, [4] metal foaming, [5] and hydroprocessing. [6] In the context of powder metallurgy (PM), research on TiH 2 was initiated in the 1960s [7] but recent years have seen a significant renewed interest in PM TiH 2 for a few good reasons, including [8] [9] [10] [11] [12] [13] : (a) the use of TiH 2 powder can result in higher sintered densities and often better mechanical properties; (b) TiH 2 powder can be more affordable than the hydride-dehydride (HDH) Ti powder; and (c) the use of TiH 2 powder can lead to lower oxygen content in as-sintered Ti materials. This is due to the release of atomic hydrogen after heating of TiH 2 , which can reduce the surface oxide film on the TiH 2 powder particles. As a result of these benefits, PM TiH 2 shows promise as means to develop more affordable, high-performance PM titanium alloys.
The dehydrogenation of TiH 2 involves a number of phase transformations according to the reassessed phase diagram of Ti-H. [14] A shell of a phase was found to envelop each remaining core of titanium hydride particle. [1] This envelope of a phase not only controls the kinetics of dehydrogenation but is also expected to affect the alloying process of b-stabilizers.
[1] Ivasishin and Savvakin [15] first proposed that the use of a fast heating rate could avoid the formation of this a shell during the decomposition of TiH 2 ; doing so is expected to favor the alloying process with b-stabilizers as the a shell acts as a barrier to the diffusion of b-stabilizers. This represents another potential unique feature of the PM TiH 2 but no direct evidence has been reported yet. One reason is that most relevant studies including the sintering of titanium alloys using TiH 2 powder were carried out at heating rates of less than 30°C/min, [3, 8, [10] [11] [12] [13] which has been shown to be inadequate to avoid the formation of the a phase. [3] The other reason is that it requires the use of in situ, instantaneous and high-temperature phase identification to monitor phase transformation during the dehydrogenation of TiH 2 . In situ synchrotron radiation X-ray diffraction offers one such ideal method for this purpose.
This study undertakes a systematic investigation of the alloying and phase transformation behaviors of TiH 2 -6Al-4V via in situ heating, synchrotron radiation X-ray diffraction. For comparison, a sample of HDH Ti-6Al-4V has also been studied. We will show that there are distinct differences in oxide phase development between HDH-Ti based and TiH 2 -based Ti-6Al-4V, and more importantly, TiH 2 -6Al-4V responds uniquely to different heating rates, including the accelerated a fi b transformation under high heating rates. We will further demonstrate that there is formation of sub-micron or even nanosized Ti-Fe-O particles in the TiH 2 -6Al-4V subjected to a high heating rate. The existence of such oxygen-enriched particles may offer a new oxygen scavenging pathway for developing cost-affordable, high-performance Ti materials.
A powder mixture of TiH 2 -based Ti-6Al-4V, consisting of TiH 2 powder (~44 lm; 99.4 pct purity), elemental Al powder (~1.5 lm; 99.7 pct purity), and 45Al-55V master alloy powder (<45 lm; 99.5 pct purity), was prepared using a Turbula mixer with a mixing time of 60 minutes. Cylinder samples (F6 mm 9 0.5 mm) were compacted using the powder mixture under a uniaxial pressure of The first author of this paper had extensive discussions with Dr. Kohara during his visit to Dr. Kohara's lab in the SPring-8 Japan Synchrotron. Dr. Kohara's experience in synchrotron radiation has contributed a lot to the present study.
Manuscript submitted July 13, 2014. Article published online October 30, 2014 400 MPa. An HDH-Ti based Ti-6Al-4V powder mixture, consisting of HDH Ti (<37 lm; 99.4 pct purity) and the same other powders, were similarly prepared; a relevant study can be found in Reference 16. The oxygen content was measured to be~0.23 wt pct in both powder mixtures. The impurity iron content was similar in both powder mixtures, around 700 ppm. The synchrotron radiation X-ray diffraction experiments were conducted at the powder diffraction beamline of the Australian Synchrotron. [17] A photon energy of 11.011 keV (wavelength at~1.13 Å ) was used as determined from the refinement of an NIST LaB 6 660b reference material. Samples were heated in an Anton Paar HTK-2000 furnace from 298 K to 998 K (25°C to 725°C) in flowing argon (flow rate:~10 mL/min). Two heating rates (10 and 40°C/min) were used. Samples were cooled to RT at~30°C/min. Dwell time for data acquisition at each predetermined temperature was 180 seconds. For ease of phase identification using the standard XRD database, the synchrotron XRD data were converted into 2h values using the wavelength of 1.54 Å (of Cu K a ). Following the synchrotron radiation experiments, samples were analyzed using scanning electron microscopy (SEM; JEOL 7001) and transmission electron microscopy (TEM; Philips Gatan F20). TEM samples were prepared using focused ion beam (FIB; XT Nova Nanolab 200). Selected area electron diffraction (SAED) was used for phase identification while energy-dispersive X-ray spectroscopy (EDX), associated with the SEM or TEM, was used for compositional analysis. Figure 1 shows the in situ synchrotron X-ray diffraction data for the HDH Ti-6Al-4V alloy, heated at 10°C/ min (Figure 1(a) ), and the TiH 2 -6Al-4V, heated at 10°C/min (Figure 1(b) ) and 40°C/min (Figure 1(c) ), from 298 K to 998 K (25°C to 725°C) with an interval of 100 K (100°C). The following observations are notable by comparing the microstructural evolution in the HDH Ti-6Al-4V and the TiH 2 -6Al-4V (10 and 40°C/min).
• Oxide phases, despite their small presence (i.e., low diffraction intensity), were detected in the powder mixture of the HDH Ti-6Al-4V and their presence increased with increasing temperature (Figure 1(a) ). The oxides were determined to be TiO 2 (tetragonal with a = 4.59 Å and c = 2.96 Å ), [18] [19] [20] [21] showing a preferential growth along its (200) plane. At about 898 K (625°C), the presence of other titanium oxide phases, Ti 3 O (hexagonal with a = 5.15 Å and c = 9.56 Å ) [18, 19, 22] and Ti 6 O (hexagonal with a = 5.13 Å and c = 9.48 Å ), [22, 23] were detected. Ti 3 O and Ti 6 O have almost identical crystal structure and lattice parameters, making their peaks often overlap. By contrast, there were virtually no oxide phases detectable in the TiH 2 -6Al-4V powder mixture below 898 K (625°C). After that, due to less release of H 2 from the initial TiH 2 powder and increased temperature, oxide phases [Ti 3 O, Ti 6 O, and TiO 2 (H: hexagonal with a = 2.96 Å , c = 4.85 Å )] [18] [19] [20] [21] [22] [23] started to build up on the freshly exposed Ti powder surfaces but the process still occurred to a less extent than the case with the HDH Ti-6Al-4V alloy. The dehydrogenation of TiH 2 has clearly affected the formation and/or growth of oxide films on the particle surfaces.
• Evidence for the formation of an Al-Ti intermetallic phase (=Al 2 Ti, hexagonal crystal structure with a = 7.85 Å and c = 4.29 Å ) was detected in the HDH Ti-6Al-4V from about 998 K (725°C). [24, 25] The corresponding intermetallic phase detected in the TiH 2 -6Al-4V was a metastable, transient Ti 3 AlH phase (cubic with a = 4.09 Å ). The phase disappeared at about 998 K (725°C) and the corresponding stable phase is Al 3 Ti (cubic, with a = 3.97 Å ). [26] • A detailed comparison of the synchrotron data obtained from the TiH 2 -6Al-4V heated at 10 and 40°C/min revealed an important role of the heating rate. Only at the high heating rate (40°C/min) did the b phase show its clear presence when heated to 998 K (725°C) (Figure 1(c) ). At both heating rates the decomposition of TiH 2 followed the same manner as described below, except for the formation of the b phase (compare Figure 1 (b, c) ): Another unexpected microstructural feature was the observation of some small particles or particle clusters, down to the sub-micron or even nanometer scale, in the RT microstructure of the TiH 2 -6Al-4V sample. Due to a small presence of these particles in the microstructure and the limited signal acquisition time, their presence was not recorded in Figure 1 (c) but was revealed by subsequent detailed microstructural analysis using SEM and TEM. These particles were found to be enriched in Fe, O, and Ti. Figure 2(a) shows an SEM backscattered electron image (SEM-BSE) of such nanoparticle clusters in an a-Ti grain. Their phase constitution is given in Figure 2 (b) as determined by TEM-EDX, compared with the composition of a nanoparticle-free Ti grain.
The observation of such Ti-Fe-O phases deviates from the current understanding of the role of Fe as a potent b-stabiliser for PM Ti materials. [27] It has been found that a small presence of Fe can lead to the formation of grain boundary b-Ti phases in as-sintered commercially pure (CP) titanium. [28] Figure 2 (c) provides one such example observed in an as-sintered CP-Ti sample containing 0.128 wt pctFe. Figure 3 (a) shows a TEM bright field image of one such Ti-Fe-O particle. TEM-SAED results in Figure 3 (b) suggest that its crystal structure is largelattice fcc with a % 11.3 Å . The phase is thus identified to be an oxygen-stabilized Ti 4 Fe 2 O phase, [29, 30] with a chemical formula close to that determined by TEM-EDX (Ti 67 Fe 14 O 18 , in at. pct, see Figure 2(b) ). The surrounding phase is identified to be a-Ti (Figure 3(c) ).
We further discuss these experimental results as follows:
• The presence of b-Ti in the TiH 2 -6Al-4V (40°C/min) at 998 K (725°C) should be attributed to the high heating rate and the use of TiH 2 , see Figure 4 (a) for a schematic illustration of the Ti-rich Ti-H phase diagram. [14] Since the diffusivity of many alloying elements including V, Al, and Fe in the b phase region is known to be generally an order of (2 to 3) faster than that in the a phase region, [27] this in turn suggests that heating a TiH 2 -based powder mixture at a higher rate may enable faster densification as well as the formation of non-equilibrium phases.
• It has been suggested that trace oxygen can lead to the formation of Ti 4 Fe 2 O in Ti-Fe alloys providing that the TiFe phase is present. [31] However, the equilibrium eutectoid structure (b-Ti fi a-Ti + TiFe) assumed by the Ti-Fe phase diagram (Figure 4b ) [32] has rarely been observed in PM (Ti-riched) Ti-Fe alloys due to the sluggish eutectoid reaction rate involved. The formation of the oxygen-stabilised Ti 4 Fe 2 O phase in the TiH 2 -6Al-4V (40°C/min) may indicate that accelerated reactions between Ti and Fe have occurred due to the use of TiH 2 as well as the high heating rate employed.
• The importance of the formation of these nanoscale or sub-micron oxygen-enriched Ti 4 Fe 2 O particles, if TiH 2 related, is that it can be used as a near zerocost alternative to the scavenging of oxygen for PM Ti due to the negligible cost of Fe compared with widely applied, yet more costly rare-earth based materials such as YH 2 . [33, 34] The following conclusions can be drawn from the in situ synchrotron radiation X-ray diffraction study and the complementary microstructural and phase diagram analyses:
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